INTRODUCTION
Mitochondrial oxygen tension (mitoPO2) is a key parameter for cellular function. This is not only because oxygen is indispensable as an oxidant in the mitochondrial respiratory chain (1) . Mitochondria are also thought to play a major role in cellular oxygen sensing (2,3) and oxygen-regulated gene expression (4) . Because of its importance, many techniques have been developed to measure oxygen tension in vivo (5) . The available techniques are, however, limited in several respects: either they are locally destructive, such as the use of oxygen electrodes (6), or they rely on the injection of a foreign compound, such as in phosphorescence quenching (7, 8) and electron paramagnetic resonance oximetry (9) . Although these techniques make it possible to directly measure interstitial or microvascular PO2, they provide only an indirect estimate of mitoPO2. Thus there is a real need for in vivo techniques that can quantitatively and noninvasively measure mitoPO2 to elucidate cellular oxygenation under various pathophysiological circumstances.
Recently we reported that the delayed fluorescence lifetime of endogenous protoporphyrin IX (PpIX) can be used to measure mitoPO2 in cultured cells (10) . Such an approach might also work in vivo and provide a breakthrough technique with a real potential for clinical application. A major advantage of such a technique would be that the basic setup for delayed fluorescence lifetime measurements is relatively simple and straightforward. Furthermore, since the technique relies on the optical properties of an endogenously synthesized compound, it potentially has a wide field of applications. Being an optical technique, it would be downscalable from macroscopic to microscopic measurements, even further increasing its versatility. Since delayed fluorescence has much in common with phosphorescence, it shares the useful ability to recover oxygen histograms from a volume of tissue with high temporal resolution (11, 12) . For in vivo measurements, another crucial factor is that lifetime measurements are not disturbed by changes in tissue optical properties (such as scatter and absorption) as can occur with, e.g., changes in hemoglobin content or saturation. This allows true quantitative measurements to be made instead of relative or semi-quantitative measurements.
Accordingly, we have developed a novel in vivo delayed fluorescence lifetime technique that quantitatively measures mitoPO2 using the oxygen-dependent optical properties of endogenously synthesized PpIX. In this article, we describe the development and applicability of this technique for direct measurements of mitoPO2 in the intact organism. We report that delayed fluorescence can be obtained from various tissues in the rat, and demonstrate that the signal is of mitochondrial origin and can be calibrated in rat liver. Ultimately, we provide the first direct measurements of both global and regional mitoPO2 within the liver in vivo in healthy and pathological conditions.
MATERIALS AND METHODS

The concept: from PpIX accumulation to mitoPO2 histogram
PpIX is the final precursor of heme in the heme biosynthetic pathway. PpIX is synthesized in the mitochondria (13) , and administration of its precursor 5-aminolevulinic acid (ALA) to cells and organisms substantially enhances PpIX concentration (14) . Since the conversion of PpIX to heme is a FIGURE 1 Principle of mitoPO2 measurement by oxygen-dependent quenching of ALA enhanced PpIX. (a) Principle by which ALA administration enhances mitochondrial PpIX levels. ALA, 5-aminolevulinic acid; PBG, porphobilinogen; UPIII, uroporphyrinogen III; CPIII, coporporphyrinogen III; and PpIX, protoporphyrin IX. (b) Jablonski diagram of states and state transitions of PpIX and its interaction with oxygen. S0, S1, and S2 represent the ground state and first and second excited singlet states, respectively. T0, T1, and T2 represent the ground (triplet) state and first and second excited triplet states, respectively. kq is the rate constant of T1 quenching by oxygen. (c) PpIX emits delayed fluorescence after excitation by a pulse of green (510 nm) light. The delayed fluorescence lifetime is oxygen-dependent according to the Stern-Volmer equation (inset), in which kq is the quenching constant and τ0 is the lifetime at zero oxygen. (d) Example of the delayed fluorescence setup. PMT denotes photomultiplier, and DAQ denotes data acquisition. Details are provided in the Materials and Methods section. (e) Tissue comprised of regions with different mitoPO2s, each with a different delayed fluorescence lifetime. The overall signal therefore contains a lifetime distribution that can be mathematically converted into a mitoPO2 histogram.
rate-limiting step, administration of ALA causes accumulation of PpIX in the mitochondria (10) (Fig. 1  a) . PpIX possesses a triplet state (T1) that reacts strongly with oxygen (15) , making the T1 lifetime oxygen-dependent (Fig. 1 b) . Population of T1 occurs upon excitation with a pulse of blue or green light, and bidirectional intersystem crossing causes the emission of red delayed fluorescence (10) . The lifetime of the delayed fluorescence reflects the T1 lifetime and can therefore be used to measure oxygen (Fig. 1 c) .
The basic setup for delayed fluorescence lifetime measurements in the in vivo condition consists of an excitation source, an optical flexible fiber to excite the organ/tissue of choice, a detector, a means to discriminate emission from excitation and background light, and a data-acquisition system with subsequent signal processing and analysis. A block diagram of the time-domain device used in this study is shown in Fig. 1 d. In the case of heterogeneity in mitoPO2, as is expected to occur in intact tissue, locations with different mitoPO2 emit delayed fluorescence with different lifetimes. Therefore, the observed overall delayed fluorescence signal does not decay monoexponentially, but contains a lifetime distribution (Fig. 1 e) . This allows mathematical recovery of the underlying mitoPO2 distribution, providing detailed insight into the heterogeneity. Details of the setup and the lifetime deconvolution algorithm are provided below.
Delayed fluorescence setup
The setup was an adapted version of the previously described delayed fluorescence system (10) . The pulsed laser system consisted of a Quanta-Ray DCR-3D (Spectra-Physics, Mountain View, CA) pumping a tunable optical parametric oscillator OPO-A355 (GWU Lasertechnik Vertriebs GmbH, Erftstadt-Friesheim, Germany) containing a β-barium-borate crystal and providing pulses of 2-4 ns (510 nm, 0.2 mJ/pulse output at fiber ending). The laser light was directed to the tissue by a multimode fiber with core diameter of 400 mm. The detector was a gated R928 red-sensitive photomultiplier tube (Hamamatsu, Hamamatsu City, Japan) combined with a monochromator (model 77320; Oriel Corp., Stratford, CT) set at a wavelength of 635 nm. Signal processing was performed by an in-house-built integrator with an integration time of 3.5 µs and a reset time of 0.5 µs. A PC-based data-acquisition system using a PCI-MIO-16E1 data acquisition board (National Instruments, Austin, TX) sampled the signal at 250 kHz and averaged 64 laser pulses (repetition rate 20 Hz) before analysis. Control of the setup and analysis of the data were performed with software written in LabView (National Instruments, Austin, TX).
Recovery of mitoPO2 histograms
In the case of a nonhomogeneous mitoPO2, the delayed fluorescence signal generally can be described by an integral over an exponential kernel:
where ƒ(λ) denotes the spectrum of reciprocal lifetimes that should be determined from the finite data set y(t). According to Golub et al. (11) , a detailed recovery of the underlying oxygen distribution can be obtained by assuming that the delayed fluorescence signal can be described by a sum of rectangular distributions with an adequately small chosen width (2δ), resulting in the following fit equation:
$ where Y(t) is the normalized delayed fluorescence data, k0 is the first-order rate constant for delayed fluorescence decay in the absence of oxygen, kq is the quenching constant, and wi is the weight factor for the according bin with central PO2 Qi and width 2δ (wi ≥ 0 and ∑wi = 1). Recently, this approach was successfully used by our group for the recovery of microvascular PO2 histograms from phosphorescence lifetime measurements (12) . For our analysis we chose δ to be 5 mmHg since this allows detailed resolution of PO2 histograms while keeping the transformation factor for Y*(t) below 1, diminishing the influence of noise in the tail of the delayed fluorescence signal (11) . Using a 10-bin histogram, this allows the recovery of oxygen histograms over the physiological range of 0-100 mmHg. Recovery of oxygen histograms from the photometric signal was performed with the GraphPad Prism package (Version 4, GraphPad Software, San Diego, CA) using the Marquart-Levenberg nonlinear fit procedure.
Animals
The protocol was approved by the Animal Research Committee of the Academic Medical Center at the University of Amsterdam. Animal care and handling were performed in accordance with the guidelines for Institutional and Animal Care and Use Committees.
Animal preparation
A total of 26 male Wistar rats (Charles River, Wilmington, MA), with body weights between 300 and 400 g, were anesthetized by an intraperitoneal injection of a mixture of ketamine 90 mg kg -1 , medetomidine 0.5 mg kg -1 , and atropine 0.05 mg kg -1 . Ketamine 50 mg kg -1 h -1 was infused intravenously to maintain anesthesia. Mechanical ventilation was performed via tracheotomy. Ventilation was adjusted on end-tidal PCO2, keeping the arterial PCO2 between 35 and 40 mmHg. Variations in FiO2 were made by mixtures of oxygen and nitrogen. Unless stated otherwise, FiO2 was set at 40%. For intravenous administration of drugs and fluids (NaCl as solvent for ALA, and Ringer's lactate for maintenance), a polyethylene catheter (outer diameter 0.9 mm) was inserted into the right jugular vein. Arterial blood pressure and heart rate were monitored with a similar catheter in the right carotid artery. Crystalloid solution 5 mL kg -1 h -1 was administered continuously. Body temperature was rectally measured and kept at 37ºC ± 0.5 ºC by means of a heating pad.
The liver was exposed by midline laparotomy. Ischemia-reperfusion was performed by a method inducing partial hepatic ischemia (70%) as described elsewhere (16) . In short, after dissection of the falciform ligament, the afferent vessels to the median and left lateral lobes were exposed by inverting the hepatic lobes upward. An atraumatic vascular clip was applied to these vessels to induce partial hepatic ischemia. In this way, cessation of the blood flow to the clipped lobes was complete, but the remaining perfused lobes prevented mesenteric congestion by allowing drainage of the portal vein. Delayed fluorescence signals during ischemia-reperfusion were obtained from the nonperfused lobes.
In a separate group of animals (n = 5), ALA was administered 2 h before the experiment by injection into the tail vein during pentobarbital anesthesia (60 mg/kg). After the ALA injection, the rats were allowed to recover for 2 h in the cage before being anesthetized with ketamine, medetomedine, and atropine as described above. Mechanical ventilation was performed via tracheotomy, and anesthesia was maintained with ketamine. Ventilation was adjusted on end-tidal PCO2 as described above and the liver was exposed by midline laparotomy. In these rats we performed experiments in which the oxygen concentration of the ambient atmosphere at the surface of the liver was altered using a previously described gas flow system (17) . This system allowed application of gas mixtures (N2/O2) with varying oxygen concentrations to the organ surface at a rate of 250 mL/min. The gas was humidified and prewarmed so that it would not cool down or dry out the surface of the liver. Furthermore, the abdomen was loosely covered with Saran Wrap to shield the liver from convective air. The actual oxygen concentration at the surface (the site of measurement) was measured using a needle-type fiber-optic microsensor (OxyMicro System, World Precision Instruments, Sarasota, FL).
Isolated hepatocytes
Rat liver parenchymal cells were isolated according to a classic method (18) . Cells were stored in Krebs-Henseleit solution and continuously gassed with 95% oxygen and 5% carbon dioxide until used for analysis. Calibration experiments were performed using a rotational cell oxygenator as described elsewhere (10) . Oxygen consumption was blocked by a mixture of 2 mM sodium cyanide, 1 µM rotenone, and 10 µM diphenyleneiodonium chloride (all chemicals from Sigma, St. Louis, MO).
Isolated liver
After isolation the livers were retrograde-perfused via the vena porta with Krebs-Henseleit buffer at a continuous flow (35 mL/min). The oxygen content of the buffer was adjusted while keeping the carbon dioxide at 5% as previously described (17) . Inhibition of cellular respiration was performed as described for isolated hepatocytes.
Isolated mitochondria
Mitochondria were isolated from the livers of animals treated with ALA (200 mg/kg) dissolved in 0.9% NaCl (n = 4) or with normal saline only (n = 4), 2-3 h before isolation. The isolation procedures were performed as reported previously (19) . In short, the livers were placed in isolation buffer (200 mM mannitol, 50 mM sucrose, 5 mM KH2PO4, 5 mM MOPS, 1 mM EGTA, and 0.1% bovine serum albumin), minced into small pieces, and homogenized. The homogenate was centrifuged at 3220 g for 10 min. The pellet was resuspended in isolation buffer and centrifuged at 800 g for 10 min, and the remaining supernatant was centrifuged at 3220 g for 10 min. The final pellet was resuspended in isolation buffer and kept on ice, and the protein content was determined by the Bradford method. All procedures were performed at 4ºC. Mitochondrial oxygen consumption was measured polarographically at 37ºC in a respirometer, using mitochondria (1.0 mg protein/mL) resuspended in respiration buffer. Respiration was initiated with 10 mM succinate + 10 µM rotenone (state 2 respiration), followed by addition of 400 µM ADP (state 3 respiration). The respiratory control index (RCI) was calculated as the state 3 to state 4 ratio. All chemicals were obtained from Sigma (St. Louis, MO).
Fluorescence microscopy
Fluorescence microscopy was performed using a Leica fluorescence microscope (DM RA HC, Leica Microsystems GmbH, Wetzlar, Germany) with a cooled charge-coupled device camera (KX1400, Apogee Instruments, Roseville, CA) and CY3 band-pass filter set. We observed freshly isolated hepatocytes and used the rapid photobleaching of PpIX as the contrast-enhancing technique (10) .
Simulation of the photometric signal
LabView (Version 7.1, National Instruments, Austin, TX) was used for simulation of delayed fluorescence emission in heterogeneous systems. Oxygen distributions were generated by a Monte Carlo approach for Gaussian distributions. Either a single Gaussian distribution or, to simulate more complex distributions, a combination of two Gaussian distributions was used to simulate an overall oxygen distribution. The mean and standard deviation (SD) of the individual Gaussian distributions, as well as relative contribution of the two Gaussian distributions to the overall oxygen distribution, could be freely chosen. The eventual oxygen distributions consisted of 200 equally wide bins over a range of 0-200 mmHg. The simulated oxygen distributions were used to generate a simulated photometric signal. To this end, a sum of 200 exponentials was generated with weight factors determined by the oxygen distribution, and lifetimes dictated by the quenching constants of protoporphyrin IX. The resulting trace was normalized and noise was added with varying signal/noise ratio (SNR). Here, SNR is defined as the ratio of maximum signal amplitude to the peak-to-peak noise (noise for a single simulated event is equal to the total amplitude of noise times a random number on the symmetrical interval [-0.5, 0.5]).
Statistical analysis
Data are expressed as the mean ± SD.
RESULTS
ALA administration induced delayed fluorescence in vivo
To enhance tissue PpIX levels in vivo, ALA (Sigma, St. Louis, MO; 200 mg/kg in 10 min) was administered intravenously via a jugular vein catheter to anesthetized and mechanically ventilated rats. Two hours after ALA administration, delayed fluorescence was observed in various tissues. To test the oxygen dependency of the delayed fluorescence lifetime, interventions that either globally (changes in the fraction of inspired oxygen (FiO2)) or locally (cessation of blood flow) altered oxygen delivery to the tissue were undertaken. Lowering of the FiO2 resulted invariably in a prolonging of the delayed fluorescence lifetime, e.g., in rectus abdominis muscle (Fig. 2 a) . In the skin of the back paw, cessation of blood flow by ligation of the limb also resulted in prolonging of the lifetime (Fig. 2 b) in accordance with a reduction in PO2. ALA administration induced oxygen-dependent delayed fluorescence in all observed tissues, including gut, kidney, liver, heart, lung, skin, and muscle. No delayed fluorescence was observed in blood. 
Calibration of the PpIX signal in isolated hepatocytes
To establish the mitochondrial localization of the ALA-induced PpIX and the usability of the delayed fluorescence lifetime for quantitative PO2 measurements, we further focused our experiments on the liver. This is because the liver provides all the components needed for our proof of principle: a high signal level, a standard technique for isolation of hepatocytes, and the possibility of obtaining measurements in an isolated perfused organ.
The mitochondrial origin of the delayed fluorescence signal was confirmed by fluorescence microscopy on isolated hepatocytes (Fig. 3 a) . PpIX fluorescence had an intracellular origin and showed an inhomogeneous spot-like appearance (Fig. 3 a) , as found in other cell types for which colocalization of the PpIX and mitochondria has been demonstrated (10) .
Delayed fluorescence was measured in suspensions of freshly isolated hepatocytes subjected to various levels of oxygen. The calibration experiments showed excellent correlation between reciprocal lifetime and PO2 (Fig. 1 b) , as described by the Stern-Volmer relation. The calibration constants were kq = 832 mmHg -1 s -1 and τ0 = 0.8 ms, and were similar to previously reported values in cultured cell types (10) . 
Performance of the deconvolution method
For the recovery of oxygen distributions from the delayed fluorescence signals, we used an existing deconvolution method that was introduced by Golub et al. (11) . In their original article, Golub et al. extensively described the background of the method and analyzed its performance in application to phosphorescence lifetime measurements with the oxygen-sensitive dye Pd-meso-tetra (4-carboxyphenyl) porphine. Their analysis showed that the method was able to provide accurate recovery of oxygen distributions and, moreover, had the very favorable property of being relatively insensitive to noise. However, the performance of the deconvolution algorithm is dependent on the quenching constants and lifetime range. Therefore, based on the original approach of Golub et al., we extensively tested the method for the quenching constants of protoporphyrin IX by using computer simulations.
To test the sensitivity of the deconvolution method for noise, we performed recovery of the oxygen histogram from the same oxygen distribution with varying SNR in the simulated photometric signal. The detrimental effects of decreasing SNR on the deconvolution appear to be modest (Fig. 4) , and there is a good resemblance between the theoretical histogram and recovered histograms for SNRs of 20 and higher. In practice, SNR is dependent on the number of averaged laser pulses. For the in vivo condition we used an averaged photometric signal consisting of 64 delayed fluorescence traces, resulting in an SNR that easily exceeded a value of 40. The SNR for the isolated liver experiments was ~30. To test the stability of the histogram fitting procedure in terms of reproducibility with slightly altered noise, several simulated photometric signals from the same underlying oxygen distribution (but with newly generated noise patterns) were sequentially analyzed (Fig. 5) . The fitting procedure is stable and does not show severe deformations of the histogram in sequential runs, and the SD in the bins of the mean histogram is very small (even at n = 3). Mitochondrial oxygen distributions in vivo are unknown and cannot a priori be assumed to be Gaussian. Therefore, it is essential for the histogram fitting procedure to be capable of recovering complex distributions. Although the deconvolution method in itself does not assume any underlying distribution, the Marquart-Levenberg algorithm requires an initial guess of the fitting parameters. To avoid biasing the outcome of the fit in any particular direction, the initial guess parameters for the weight factors were all set to 0.1 (i.e., corresponding to a flat distribution). Examples of several simulated complex oxygen distributions and their retrieval by the deconvolution method are provided in Fig. 6 . It is clear that the histogram fitting procedure is not limited to Gaussian distributions and can provide insight into complex underlying oxygen distributions.
In vitro calibration constants are valid in intact tissue
We tested the validity of the calibration in isolated cells for intact liver tissue. To this end, isolated perfused rat livers were used 2 h after ALA infusion. The oxygen dependence of the delayed fluorescence signal is clearly demonstrated in a liver that was unintentionally inhomogeneously perfused (Fig. 7 a) . One lobe appeared lighter than the rest of the liver with a surface temperature that was 2ºC lower, indicative of inadequate perfusion. During perfusion with carbogen-saturated (95% oxygen, 5% carbon dioxide) perfusate, the delayed fluorescence lifetime in the less-perfused part of the liver was much longer (205 µs) than that in the well-perfused part (74 µs). Blockage of oxygen consumption consistently led to a decrease in delayed fluorescence lifetime corresponding to an increase in PO2 (see Fig. 7 b for an example). To test the calibration constants, delayed fluorescence was measured at various fixed oxygen concentrations in the perfusate, before and after blockage of cellular oxygen consumption in a series of isolated liver experiments. Regardless of the oxygen concentration in the perfusate, the baseline mitochondrial PO2 (mitoPO2) was ~20 mmHg (Fig. 7 c) . The relatively low PO2 values at baseline reflect the PO2 gradient between the perfusate and the mitochondria. The PO2 values measured after blockage of cellular respiration corresponded well to theoretically expected values. These experiments also demonstrate that the measurement is not dependent on the presence of blood, indicating that the signal truly originates from the tissue. This is in concordance with our observation that no delayed fluorescence was detected from whole blood or plasma, in agreement with the time course of previously reported PpIX kinetics (20) .
The isolated organ is also a valuable model to test the algorithm for recovery of oxygen distributions in practice, since blockage of cellular respiration should ideally lead to a small distribution around the preset PO2 value. The applied method for lifetime deconvolution was very effective in indicating the correct PO2 bin (Fig. 7, d-f) . The slight broadening of the peak can be attributed to residual noise in the signal, and it is likely that some residual oxygen heterogeneity was present in the tissue. The surface of the livers was not isolated from air, so it is likely that a contribution to higher PO2 bins is due to the presence of atmospheric oxygen.
In vivo measurement of mitoPO2 and its heterogeneity
To test the sensitivity and applicability of the delayed fluorescence lifetime technique under relevant pathophysiological conditions, we varied FiO2 in one group of rats and induced ischemia-reperfusion in another group of animals. Two hours after ALA administration, we observed a clear oxygen-dependent delayed fluorescence signal from rat liver in vivo (Fig. 8 a) . We performed a series of experiments with stepwise variation in FiO2 concentration (Fig. 8 b) . The average measurements, obtained by monoexponential fitting of the signal, were highly reproducible in value, with low variance between rats. Notably, mitoPO2 was especially sensitive to small changes in FiO2 around atmospheric oxygen levels (20% inspired oxygen). The recovery of mitoPO2 histograms (Fig. 8, c-h ) provides a more detailed view on the effects of FiO2 on cellular oxygenation. At FiO2 ≥ 20%, mitoPO2 is approximately normally distributed, in good agreement with previous invasive micro oxygen electrode measurements (21) . However, even a mild reduction of FiO2 to 18% resulted in severe skewing of the mitoPO2 distribution toward low PO2. It is interesting that although further reduction of FiO2 results in overall lower mitoPO2, mitoPO2 is relatively preserved in the 15 mmHg bin (representing 10-20 mmHg) (Fig.  8, g and h) .
In another group of animals we performed a short ischemia-reperfusion protocol consisting of 30 min of ischemia followed by 15 min of reperfusion (Fig. 9 a) . Overall mitoPO2 dropped to ~10 mmHg during ischemia, and then recovered to approximately baseline after the 15-min reperfusion (Fig. 9 b) . Again the mitoPO2 histograms provide valuable additional information (Fig. 9, c-g ). Similar to the condition of breathing a low FiO2, a large part of the signal originated from mitochondria in the 15 mmHg bin. Apparently, the liver in vivo was not completely anoxic during ischemia. Since this appears counterintuitive, it should be stressed that this finding was not caused by a limitation of our technique: longer lifetimes (lower PO2) were measured in both isolated hepatocytes and isolated liver under forced oxygen depletion. Moreover, in previously reported tissue PO2 measurements, ischemia did not reduce tissue PO2 under 14 mmHg (21) . Reperfusion led to complete alteration of the mitoPO2 distribution, which flattened overall compared to the baseline situation (Fig. 9, f and g ). Both low-and high-mitoPO2 regions were more prominently present, with some development toward higher PO2 during progress of reperfusion. 
Influence of out-of-range PO2 on histogram recovery
The choice of bin width and number of bins limits our current implementation of the deconvolution method to PO2 values between 0 and 100 mmHg. For in vivo application of the delayed fluorescence lifetime technique under physiological circumstances, this can be considered an adequate range. However, a contribution of room air to the oxygenation of superficial tissue layers cannot be excluded, and therefore it is possible that PO2 values above 100 mmHg are present in the measurement volume. The short lifetimes from regions with a PO2 above 100 mmHg are not represented in the fit algorithm and therefore might lead to instability or an adverse effect on the shape of recovered histograms. Therefore, we tested in computer simulations the effect of adding high PO2 values (around those of room air) on the histogram fitting procedure. PO2 values outside the range of the deconvolution method induce the occurrence of small peaks at the high PO2 bins (Fig. 10) . The accurate recovery of the remaining distribution is not affected. 
Effect of ambient oxygen on mitoPO2 histograms in vivo
The previous computer simulations demonstrated that PO2 values outside the range of the deconvolution method are represented as contributions to the highest PO2 bins. It is important that the recovery of the ''true'' oxygen histogram was not affected. However, the situation in real life is more complex. Here, exposure of the organ surface to ambient air could cause the presence of nonphysiological high oxygen concentrations. Diffusion of oxygen out of this high-PO2 region into low-PO2 regions could cause disturbance of the oxygen distribution in the tissue and therefore affect the recovered mitoPO2 histogram. To investigate the occurrence of this effect and to quantify its possible influence, we performed in vivo experiments (n = 5) in which the surface oxygen concentration was altered by blowing prewarmed and humidified gas mixtures over the surface of the liver at a rate of 250 mL/min (Fig. 11) . The presence of 10% and 20% oxygen at the surface is visible as small contributions to the highest PO2 bins. However, the remaining mitoPO2 histograms are not affected, indicating that only a small (the most superficial) part of the measurement volume is influenced by the oxygen concentration at the organ surface. 
Effect of PpIX enhancement on oxygen metabolism
To test whether ALA-induced enhancement of mitochondrial PpIX levels changed oxygen metabolism, we conducted a series of respiration experiments in isolated mitochondria. Delayed fluorescence was readily observed from suspensions of mitochondria isolated from rats after ALA administration (Fig. 12  a) . This finding confirms the mitochondrial localization of PpIX and shows that PpIX is not removed by the isolation procedure. The presence of ALA-induced PpIX had no effects on state 3 and 4 respiration, or on the RCI and ADP:O ratio compared to control rats (Fig. 12 b) . 
DISCUSSION
We have reported the development and application of a technique that enables the measurement of mitoPO2 and the assessment of its heterogeneity in vivo by delayed fluorescence quenching of endogenously synthesized PpIX. The power of the technique and its potential for a broad field of applications are due to the combination of a specific and robust lifetime technique with reliance on an endogenous compound.
This approach has several distinct advantages. In the context of oxygen measurements, it is the first technique that allows quantitative PO2 measurements to be obtained at the mitochondrial level in vivo. Unlike existing techniques for in vivo oxygen measurements (5), it does not require tissue destruction or injection of exogenous oxygen-sensitive compounds. The ability to recover mitoPO2 histograms with high temporal resolution (on the order of seconds) is clearly advantageous. There are several deconvolution techniques available, each of which has specific advantages and disadvantages. For example, the maximum entropy method (22) allows very detailed recovery of oxygen histograms (resolving typically 200 lifetimes) but requires very high SNR levels for stable operation. The use of such a deconvolution technique for the recovery of oxygen histograms in the setting of phosphorescence lifetime measurements was recently questioned due to the occurrence of nonphysiological high PO2 values (23); however, this effect was proposed to result from blurring of the high-PO2 region due to diminished contribution of short lifetimes to the overall phosphorescence signal (24, 25) (decreasing the SNR for high-PO2 regions). The method we chose operates stably at modest SNRs, but at the expense of a reduced resolving power (11) . Nevertheless, this approach allows insight into complex oxygen distributions in tissue samples, as demonstrated by its practical application and in computer simulations. Since the isolated and in vivo livers were not shielded from room air, it is likely that atmospheric oxygen caused some of the high values for mitoPO2. Indeed, in computer simulations, the addition of room air caused high PO2 bins to occur without affecting the underlying PO2 distribution. Furthermore, in vivo experiments clearly demonstrated the influence of ambient oxygen concentration on mitoPO2. Although in our current setting this had no detrimental effects on the underlying mitoPO2 distribution, it is important to note that the influence of ambient oxygen might be present in any type of (oxygen) measurement that is limited in penetration depth. It should be noted, however, that covering the organ surface with Saran Wrap or keeping the oxygen concentration at the surface artificially low might equally well deviate from the physiological in vivo situation.
Although deconvolution techniques allow measurement of oxygen heterogeneity with high temporal resolution, for insights into the nature of this heterogeneity, and its relation to localization, other techniques have to be explored. Since it is an optical technique, delayed fluorescence of PpIX could well be combined with microscopic setups to increase the spatial resolution to allow the unraveling of tissue oxygenation on the micron scale. For example, two-photon excitation (26) provides three-dimensional insight into oxygen distributions, and intravital microscopy (27-30) provides anatomical information. Finally, for in vivo measurements, another crucial factor is that lifetime measurements are not disturbed by changes in tissue optical properties.
Although PpIX is endogenously present, its normal levels are very low. Therefore, to improve its detection our current approach relies on the application of its precursor, ALA, to enhance mitochondrial PpIX levels. Although ALA is nontoxic and is used in daily clinical practice in photodynamic therapy (31) and photodynamic diagnosis (32) , high levels of PpIX are not harmless. Under the conditions in our study, we found no effects of ALA-induced PpIX levels on mitochondrial respiration. However, in general, the concentrations of ALA or incubation times that can be used safely without changing tissue metabolism remain to be determined. Excitation of PpIX is known to induce apoptosis in cells as a result of oxygen-radical formation (31). We did not detect any significant changes in cell survival after repeated illumination in ALA-treated cell cultures (10) . The excitation light levels needed for mitoPO2 measurements are orders of magnitude less than light levels used in photodynamic therapy, and therefore tissue damage due to phototoxicity may not be a problem in practice. Nevertheless, we would like to point out that for any intended application (especially if aimed at clinical use), an appropriate risk and safety assessment is required because of potential phototoxicity. Especially, one should strive to minimize the cumulative dose of excitation light to avoid induction of apoptosis.
It is interesting that the values of in vivo mitoPO2 are in the range of reported hepatic tissue PO2 values (21, 33) . This indicates that in the liver in vivo, the final diffusion gradient from the microcirculation to the mitochondria is quite small. Apparently, the hepatic architecture does not induce a profound diffusion barrier, since the intracellular oxygen gradient is only a few mmHg (10) . Indeed, a sinusoidal-to-cell PO2 gradient of ~5 mmHg was previously reported (34) .
The finding of high hepatic mitoPO2 values in vivo is of significant interest. Whether molecular oxygen plays a role in the regulation of cellular metabolism has long been a subject of debate. Classical studies in isolated mitochondria and cells have shown that the respiration rate is unaffected by oxygen levels until PO2 levels drop below 2-3 mmHg (35) (36) (37) (38) . This indicates a lack of metabolic control, under the assumption that normal physiological intracellular PO2 may be well above this threshold level. Alternatively, it has been stated that the general view of mitochondrial function is biased owing to the excessively high PO2 (air-saturated, i.e., ~150 mmHg) range in most in vitro experiments (39) , assuming physiological normoxic mitochondrial PO2 to be below 1 kPa (7.5 mmHg). In skeletal muscle, a combination of myoglobin saturation, phosphorylation state, and intracellular pH measurements led to the rejection of the hypothesis that oxygen plays a regulatory role in cellular respiration (40) . However, recent studies have questioned the idea that oxygen acts as a simple substrate over the physiological range of oxygen tensions, and have identified a mechanism in hepatocytes called the ''oxygen conformance of metabolism'' (41, 42) . Here oxygen consumption is downregulated when cells are subjected to moderate oxygen deprivation for extended periods of time (41) . Of interest is that this phenomenon already occurs at relatively high PO2 values of ~70 mmHg (4, 42) . The data presented here provide new insights into this possible mechanism by identifying the hepatic mitochondrial PO2 in vivo to be in the range of this oxygen conformance of metabolism. This makes it very likely that metabolic control by oxygen, as demonstrated in vitro, is a cellular regulation mechanism acting under normal physiological circumstances and is not limited to pathophysiological states of hypoxia. Since the mitochondria are considered to play a major role in cellular oxygen sensing (3), knowledge of in vivo mitochondrial PO2 levels provides a sound basis for future in vitro experiments.
CONCLUSIONS
This delayed fluorescence lifetime approach manifests potent abilities for the quantitative assessment of mitochondrial oxygen tension in vivo. In ALA-treated rats, oxygen-dependent delayed fluorescence was emitted by many tissues and was calibrated in isolated hepatocytes and isolated livers. In combination with a lifetime-deconvolution algorithm, this allowed the measurement of mitoPO2 histograms in rat liver in vivo. Because the technique relies on enhancement of an endogenously synthesized porphyrin, it is in principle usable in humans. If its safety in terms of phototoxicity can be proven, it may be possible to assess mitoPO2 in the clinical setting. The technique is expected to provide the basis of many new applications for mitochondrial PO2 measurements, including transplantation research, intensive-care research, and tissue engineering.
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